Induction of virus-specific CD8 + T cell responses is critical for the success of vaccines against chronic viral infections. Despite the large number of potential MHC-I-restricted epitopes located in viral proteins, MHC-I-restricted epitope generation is inefficient, and factors defining the production and presentation of MHC-I-restricted viral epitopes are poorly understood. Here, we have demonstrated that the half-lives of HIV-derived peptides in cytosol from primary human cells were highly variable and sequence dependent, and significantly affected the efficiency of cell recognition by CD8 + T cells. Furthermore, multiple clinical isolates of HLA-associated HIV epitope variants displayed reduced half-lives relative to consensus sequence. This decreased cytosolic peptide stability diminished epitope presentation and CTL recognition, illustrating a mechanism of immune escape. Chaperone complexes including Hsp90 and histone deacetylase HDAC6 enhanced peptide stability by transient protection from peptidase degradation. Based on empirical results with 166 peptides, we developed a computational approach utilizing a sequencebased algorithm to estimate the cytosolic stability of antigenic peptides. Our results identify sequence motifs able to alter the amount of peptide available for loading onto MHC-I, suggesting potential new strategies to modulate epitope production from vaccine immunogens.
Introduction
Despite the large number of potential MHC-I-restricted epitopes located in viral proteins, the number of virus-specific CD8 + T cell immune responses elicited during infection is limited. Although a comprehensive identification of MHC-bound epitopes remains limited by technological hurdles, the relative paucity of antigenic peptides likely reflects the inefficiency of epitope production. According to calculations based on protein synthesis and degradation rates occurring in a mouse cell line, it is estimated that 300-5,000 ovalbumin polypeptides are required to generate one MHC-I-epitope complex (1) . Little is known about the causes of this inefficiency, though methods to enhance epitope production may be immediately applicable for vaccine design.
Endogenous proteins and defective ribosomal products are degraded in the cytosol by proteasomes into small fragments of 2-32 aa in length that can be further shortened by aminopeptidases and endopeptidases. Peptides of at least 8 residues with appropriate anchor residues are translocated by the transporter associated with antigen processing (TAP) complex into the ER, where they can be further trimmed by ER-resident aminopeptidases (ERAP1 or ERAP2) and, provided that they incorporate appropriate anchor residues, loaded onto MHC-I (2) .
Oligopeptides produced during protein degradation can be subjected to cleavage in the cytosol (3, 4) by one or multiple peptidases such as thimet oligopeptidase (TOP) (5, 6 ) and tripeptidyl peptidase II (TPPII) (7, 8) , thus limiting the amount of peptides available for MHC-I presentation. Microinjection of fluorescent peptides into immortalized cells revealed an intracellular half-life of less than 30 seconds of various oligopeptides of fewer than 12 aa (3, 9) . The degradation rate of peptides containing charged residues at positions 1 and 2 was reduced compared with that of peptides with hydrophobic residues (3), and it has been proposed that aggregation of an influenza virus peptide (PA [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] ) in pools may slow down degradation and favor rapid cross-presentation (4) . However, the mechanisms underlying peptide sensitivity to degradation, their potential impact on epitope presentation, and subsequent recognition of cells by virus-specific CTLs are unknown. Research on HIV has generated extensive data on HLA-restricted epitopes and CTL responses, thereby providing an excellent model to identify factors driving the production of antigenic peptides and to assess the impact of intracellular peptide stability on epitope presentation and recognition by CD8 + T cells.
Here we show that the cytosolic stability rates of 8-to 11-aalong optimally defined HIV-derived peptides are highly variable, with some being unusually stable. Intracellular stability was associated with specific motifs located throughout the peptide sequences. Furthermore, we established a computational model to assess intracellular stability of short peptides. We observed that degradation of peptides was performed by multiple peptidases and that enhanced peptide stability could be mediated through protection by chaperone complexes. Finally, multiple HLA-associated mutations occurring within HIV epitopes dramatically decreased the intracellular stability of peptides. Higher sensitivity to cytosolic degradation reduced the amount of peptides displayed at the cell surface and hindered recognition by CTLs, thus constituting what we believe to be a novel mechanism of immune escape. These results identify a critical step involved in antigenic peptide production and presentation, namely cytosolic stability of oligopeptides, and demonstrate that changes in intracellular stability of antigenic peptides are predictable and affect CTL recognition.
Results

Measurement of intracellular stability of HIV epitopes in primary cells.
In order to test the cytosolic stability of a large number of HIVderived peptides in a relevant model, we developed an in vitro assay using the cytosol of healthy human PBMCs that was further validated by measurements of endogenous peptide stability and presentation to HIV-specific CTLs ( Figure 1 ).
Highly purified peptides were incubated for 2 hours in the presence or absence of PBMC cytosol (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI44932DS1). The amount of peptide remaining over time in cytosolic extracts was measured by reverse-phase HPLC (RP-HPLC) profile analysis, where each peak defined by its elution time represents one peptide, and the surface area under the peak is proportional to the amount of peptide. The degradation of the peptide results in reduction of its peak and the appearance of additional peaks corresponding to truncated peptides (Supplemental Figure  2A) . A value of 100% was assigned to the amount of input peptide present at time 0, and the amount of peptides remaining was calculated at each time point (Supplemental Figure 2 , B and C, and Figure 1A ). We first measured the cytosolic stability of 3 optimally defined HIV epitopes that elicit frequent CTL responses in HIVinfected persons: HLA-B57-restricted KF11 (KAFSPEVIPMF, aa 30-40 in Gag p24), HLA-A03/11-restricted ATK9 (AIFQSSMTK, aa 158-166 in reverse transcriptase of HIV-1 polymerase), and HLA-A03-restricted RK9 (RLRPGGKKK, aa 20-28 in p17 Gag) (10) , incubated in the presence or absence of PBMC cytosol ( Figure  1A ). Peptide KF11 was rapidly degraded in the presence of PBMC cytosol, with no intact peptide remaining after a 2-minute incubation, while 91% of input peptide was detected in the absence of PBMC extract (the half-life of the peptide calculated during a
Figure 1
Intracellular HIV epitope stability is variable and degradation is correlated with reduced epitope antigenicity. (A) HLA-B57-restricted KF11 (diamonds), HLA-A03/11-restricted ATK9 (squares), and HLA-A03-restricted RK9 epitope (circles) were degraded in equal amounts of PBMC extracts (black or gray symbols) or buffer (open symbols). Aliquots of degradation products were analyzed and quantified by HPLC profile analysis after 2, 10, 30, 60, and 120 minutes. 100% represents the amount of peptide detected by HPLC at time 0 calculated as the surface under the peptide peak (2,487,757, 1,227,535, 1,614,506 for KF11, ATK9, and RK9, respectively). (B) Aliquots of purified degradation products were used to pulse HLA-matched 51 Cr-labeled B cells. CTL responses against A03-RK9 (circles), A03/11-ATK9 (squares), and B57-KF11 (diamonds) were assessed by 51 Cr release assay. (C) The percentage of peptide remaining at each degradation time point (same symbols as in A) is plotted versus the percentage of cell lysis for each experiment. Comparison by Spearman test is indicated. (D) Peptides A03-RK9, A03/A11-ATK9, or B57-KF11 were introduced by osmotic shock into HLA-A03 + or -B57 + cells that were pretreated or not with protease inhibitors (PI) and used as targets in a cytolysis assay with A03-RK9-specific or B57-KF11-specific CTL clones. Cells were stained for cell death markers annexin (V-PE, 7-ADD) 1-4 hours after osmotic shock (6.69% dead cells for untreated cells; 7.96% for peptide-loaded cells; average difference over 3 experiments, 0.84% ± 0.6%). Data represent the mean ± SD of 3 independent experiments.
shorter degradation is 13 seconds). The rapid degradation of this 9-mer is in accordance with the half-life measurements of similarly sized peptides microinjected into cells (3, 9) . Degradation of A03/11-ATK9 proceeded more slowly, with 61% of the input peptide remaining after 2 minutes and with complete degradation reached only after a 2-hour incubation with extracts (half-life, 2.1 minutes). In marked contrast to KF11, the RK9 peptide appeared to be extremely stable in PBMC cytosol, with 96% of input peptide remaining after a 2-minute incubation and 45% remaining after 2 hours (half-life, 90 minutes). The different degradation rates of KF11, ATK9, and RK9 suggest that the intracellular stability of short HIV peptides is highly variable.
Since these HIV peptides correspond to HLA-restricted epitopes of optimal length to bind HLA molecules and elicit CD8 + T cell responses, their degradation into peptides that are too short to bind HLA molecules should correlate with decreased antigenic potential. In order to measure the antigenicity of peptides present in the digestion mix over 2 hours, peptides were purified at each indicated time point and used to pulse HLA-matched B cells used as targets in a 51 Cr release assay with CTLs specific for B57-KF11, A03/11-ATK9, or A03-RK9 ( Figure 1B ). All 3 peptides have similar avidity for their respective CTLs (as in ref. 11) , such that changes in antigenicity are similarly likely due to effects of peptide degradation. In accordance with peptide degradation measured by RP-HPLC, the antigenicity of the digestion products isolated over 2 hours variably decreased for all 3 peptides. The antigenicity of KF11 degradation products decreased sharply, by 87%, in 10 minutes and was abolished at 30 minutes, in agreement with rapid peptide degradation. The antigenicity of ATK9 degradation products decreased slowly during the first 30 minutes, resulting in a 23% reduction in 30 minutes, consistent with an intermediate intracellular stability. In contrast, RK9 peptide products remained highly antigenic throughout this time course, with a reduction of only 2% in target cell lysis for degradation products generated in 2 hours. This result is in accordance with the high intracellular stability of the peptide observed by HPLC profile analysis. We compared the amount of peptide remaining over the 2-hour degradation as measured by RP-HPLC with the corresponding antigenicity based on two independent experiments using extracts from different donors ( Figure 1C ). We found a strong association between the two values (P < 0.0001, r = 0.769, Spearman test), indicating that peptide degradation as measured by HPLC accurately corresponded to a loss of antigenicity as measured in a CTL cytolysis assay.
We next confirmed that the variable rates of peptide degradation we detected in vitro corresponded with natural phenomena occurring within cells, and examined whether these differences affected CTL recognition. To assess endogenous intracellular peptide stability independently of upstream steps of protein degradation, we introduced peptides into cells by osmotic shock as described previously (11) and monitored the capacity of cells to be recognized and killed by epitope-specific CTLs ( Figure 1D ). We chose one stable and two unstable peptides (A03-RK9, A03/11-ATK9, and B57-KF11, respectively) with equivalent functional avidity of the corresponding CTL clones (ref. 11 and data not shown). Cells that received peptide RK9 were sensitive to killing by RK9-specific CTL clones after peptide transfer in the presence or absence of protease inhibitor (39.3% vs. 42.9% lysis, respectively), suggesting that the peptide had not been degraded inside cells before presentation. In contrast, cells osmotically loaded with ATK9 or KF11 displayed limited lysis by epitope-specific CTLs (5.9% and 9.8% lysis). Pretreatment of target cells with protease inhibitors prior to peptide transfection rendered them sensitive to lysis by epitope-specific CTLs (23.7% vs. 5.9% lysis for ATK9 and 30.9% vs. 9.8% lysis for KF11, Figure 1D) . By comparing the lysis of transfected cells with that of cells pulsed with increasing amounts of KF11, we observed that preincubation of cells with protease inhibitors increased the peptide presentation by 5.2-fold for ATK9 and 3.6-fold for KF11 (in contrast to 1.2-fold for A03-RK9). Although RK9 was 2-to 2.7-fold more efficiently loaded into cells than ATK9 or KF11 (calculated as the ratio of percent lysis of uploaded cells in the presence of inhibitors to the amount of exogenously pulsed peptides required to reach the same percent lysis), the increase in ATK9 and KF11 presentation after peptidase inhibition suggests that ATK9 and KF11 were rapidly degraded in the cells, thus limiting epitope presentation to CTLs.
To overcome differences in peptide uptake, we compared the endogenous presentation of RK9 and ATK9 processed from the same protein, p17, appended with RWEKI-ATK9 (RWEKI is the natural flanking sequence of RK9) (Supplemental Figure 3) . We had shown that RK9 and ATK9 can be produced in cytosol from RWEKI-RK9 or RWEKI-ATK9 (11); thus, the main possible difference in epitope production and presentation will originate from their cytosolic stability. HLA-03 cells transfected with p17-RWEKI-ATK9 were efficiently lysed by RK9-specific CTLs and poorly by ATK9-specific CTLs (37.8% and 5.4%, respectively) (Supplemental Figure 3A) . Similarly, the presentation of RK9 and ATK9 from RT appended with WKGSP-RK9 (WKGSP is the natural ATK9 flanking sequence) led to efficient RK9-specific response and poor ATK9-specific response (32.7% and 4.1%, respectively) (Supplemental Figure 3B) . Measurement of epitope presentation showed a 7.9-and 5.1-fold increase of RK9 over AKT9 from p17-RWEKI-AKT9 and RT-WKGSP-RK9, respectively (Supplemental Figure 3C ). Thus, RK9 is better processed and presented than ATK9, even when expressed from the same protein and flanked by the same sequence, regardless of its position in the protein.
Together the results indicate that in the context of either osmotic loading of 9-mers into cells or endogenous expression of hybrid protein, higher intracellular stability of RK9 contributes to better presentation of that epitope to CTLs.
The intracellular stability of optimal HIV epitopes is highly variable. We set out to compare the stability of 166 HIV-derived peptides (8-11 aa) that were identified as optimal epitopes in large cohorts of persons infected with subtype B HIV-1 (10, 12) (Supplemental Table  2 ). Optimal epitopes are the shortest peptides yielding the strongest HLA-restricted and epitope-specific CTL response measured by IFN-γ ELISpot or 51 Cr release assay. Epitope sequences corresponded to the consensus subtype B virus of 2007 in the Los Alamos HIV database (12) . The peptides covered 50%-90% of the total number of finely mapped HIV epitopes in each HIV protein, with the exception of 4 Vpu epitopes, for which the HPLC degradation profiles were not interpretable ( Figure 2A ). Epitopes were distributed across 75 HLA types (50%-100% of the total number of finely mapped HIV epitopes per restricting HLA). We observed that the cytosolic stability of HIV-derived peptides was highly variable, with 0%-100% peptide remaining after a 2-minute incubation in PBMC cytosol. A similar wide range of peptide stability was observed after a 10-or 30-minute incubation in PBMC extracts from several healthy donors. In order to assign a value to peptide stability covering a wide range of half-lives, we calculated a stability rate using nonlinear regression (one-phase exponential decay) of the degradation profile over 30 minutes for an average of 3-5 experiments with different donors, and confirmed it with up to 12 different donors for the most stable epitopes. The intracellular stability rates of HIV epitopes were extremely variable, ranging from 39 to 0.0037 ( Figure  2B ). A majority of epitopes (n = 116, 69.9%) had stability rates of 0.0037 to 0.5, corresponding to peptide half-lives ranging from 10 to 30 seconds. This result is in accordance with previous reports in other models showing the short half-life of microinjected peptides (9) or minigenes encoding epitopes into cell lines (3). Many HIV-derived peptides (n = 50) displayed greater stability than those previously described -37 peptides (22.3%) ranged between 0.5 and 2 (half-lives, 90 seconds-20 minutes), while 13 peptides (7.8%) dem-
Figure 2
The cytosolic stability of HIV epitopes is highly variable. (A) Distribution of 166 optimal HIV epitopes (gray bar) across HIV proteins (black bars). (B) The stability rate of 166 epitopes was calculated by a nonlinear regression (one-phase exponential decay) of the degradation profile obtained over a 30-minute incubation in PBMC cytosol (average of >3 independent experiments with extracts from different donors). Four stability groups of epitopes were identified according to their stability rates (<0.1, 0.1-0.5, >0.5-1, >1-2, and >2) and corresponding half-life brackets (<30 seconds, 30-90 seconds, >1.5-20 minutes, >20 minutes). (C) Ratio between the percentage of epitopes in each protein in each stability bracket and the percentage of epitopes in this bracket for all proteins. *P = 0.016 and † P = 0.0129 for p17-and Protease-derived (Pro) peptides; Mann-Whitney U test. (D) Distribution of peptide stability rates according to restricting HLA alleles (protective: HLA-B27, -B51, -B57; not protective: HLA-B08 and -B35; no effect: all other 68 HLAs). Ratio between the percentage of epitopes in each stability bracket for each HLA group and the percentage of epitopes in each stability bracket for all HLAs tested. P = 0.4239 for the overall comparison between the 3 groups of HLAs (Mann-Whitney U test). The comparison between protective and nonprotective HLA alleles showed P = 0.3667 for unstable peptides (stability rate, <0.5), P = 0.1669 for intermediate peptides (0.5-1), P = 0.1777 for peptides with stability rates >1-2 minutes, and P = 0.1612 for the most stable peptides (>2). onstrated unusual stability rates of greater than 2-39 (half-lives, >20 minutes). This study identified a notably wide range of sensitivity to intracellular degradation among HIV peptides and provides the first identification to our knowledge of very long-lived peptides in the cytosol.
Clustering of stable peptides in HIV proteome. We analyzed the distribution of stable and unstable epitopes across HIV proteins and restricting HLA alleles ( Figure 2C ). In order to account for the variable number of epitopes located in each HIV protein, we calculated the ratio between the percentage of epitopes in each stability rate bracket for a given protein and the percentage of epitopes in the same stability rate bracket for all HIV proteins, highlighting by a ratio of greater than 1 the enrichment for a HIV protein of peptides within a stability rate category. We observed that Gag p24 and Gag p17, Env, and Vif were enriched in stable epitopes, whereas Nef, Protease, RT, Vpr, Tat, and Rev were enriched for unstable epitopes. Gag p17 displayed the highest proportion of epitopes with stability rate greater than 2 (half-lives, 2.5-120 minutes). A multiple comparisons analysis showed a significant difference in the distribution of stable and unstable epitopes between Gag p17 (P = 0.016) and Protease (P = 0.0129). Enrichment in stable and unstable epitopes did not segregate with conservation or variability of HIV at the protein level. The distribution of epitope stability among HLA alleles showed a significantly higher percentage of stable epitopes for HLA-A03-restricted epitopes (P = 0.0001, Mann-Whitney U test). Since the HLA-A03 molecule binds peptides with a positively charged C-terminal anchor, this suggests that specific motifs may contribute to peptide stability. However, why peptides restricted by HLA-A03 would be more stable than those restricted by the closely related HLA-A11 is not clear. The distribution of epitopes did not differ significantly among protective (HLA-B57, -B27, and -B51), nonprotective (HLA-B35 and -B08), and neutral HLA alleles (all 68 other HLA alleles) (P = 0.4239), although a trend toward enrichment in stable epitopes (P = 0.1612) was seen for nonprotective alleles ( Figure 2D ). Stable or unstable peptides correspond to epitopes covering a wide range of MHC-I binding affinities; since cytosolic degradation of peptides occurs prior to binding to MHC-I, it was expected that peptide stability and MHC-I binding affinity would not correlate.
Cytosolic stability of HIV peptides is defined by specific motifs. We next sought to identify factors defining the intracellular stability of HIV epitopes, hypothesizing that specific sequences within peptides may confer susceptibility or resistance to hydrolysis by intracellular peptidases. We performed a computational analysis of all 166 epitopes to identify motifs distinguishing stable or unstable peptides, defined as those with greater than or less than 0.5 stability rate (half-life less than or greater than 30 seconds), respectively. Each peptide sequence was divided into several areas: the first 2 and 3 aa, the central area of 5 or 6 aa, and last 2 and 3 aa (Tables 1 and 2 ). The motifs within each area of peptides included size, charge, or hydrophobicity of single aa or pairs or triplets of aa (see Supplemental Table 1 for aa features). We built a predictive model that mapped features of a peptide to the probability that the peptide was stable. We used an L1-regularized logistic regression model, due to its simplicity and better performance in prediction of CTL epitopes (13) (Supplemental Figure 4) . We tested and validated the model using 10-fold cross-validation (14) . First, the 166 peptides were split randomly into 10 groups. Nine groups (90% of the data) were used to train the model and identify features linked to peptide stability rate. The model was then used to predictbased on the presence of motifs -the stability rate of each peptide in the remaining 10% of the dataset. The analysis was performed 10 times with permutation of the 90/10 split of the 166 peptides, thus yielding predicted stability rate values for the entire set of peptides. Peptide stability predictions and experimental values of the 166 peptides strongly correlated (P < 0.0001; Supplemental Figure 4 ). The model, constructed using all the data, identified 1,628 features for predicting peptide stability. Besides the identification of motifs, we associated with each feature a weight, such that features with higher weights had a greater influence on the probability of stability or instability. Positive (negative) weights corresponded to features positively (negatively) correlated with stability. Features with the highest-magnitude weights are shown in Tables 1 and 2 . To illustrate the differences in the number and type of motifs among peptides, we calculated a stability score as the sum of the weights of all stability and instability motifs. As expected for a stable peptide, A03-RK9 (90-minute half-life) had a high score of +11.5, whereas unstable B57-KF11 (13-second halflife) had a low score of -18 ( Figure 3) .
Cytosolic peptide stability is predictable and can be manipulated. In order to further demonstrate that intracellular peptide stability is determined by motifs, and to validate the utility of our algorithm, we aimed to alter peptide stability through mutations in motifs identified by the model. First we attempted to destabilize naturally stable peptide A03-RK9 by reducing the number of stability motifs and increasing the number of instability motifs. For instance, two mutations in A03-RK9 (K7W, K8Y) destroyed two stability motifs and added two instability motifs, resulting in a -6.8 stability score (Figure 3 ). Twenty-five mutant RK9 peptides were designed through 1-to 7-aa substitutions at various positions and combinations ( Figure 4A ). We measured the cytosolic stability of each mutant and compared it with that of WT RK9. Remarkably, some mutations, such as A03-RK9 (K7W, K8Y), reduced the stability rate of RK9 from 12.9 to 0.24 (a 54-fold reduction), leading to a dramatic decrease in peptide half-life (90 minutes to 52 seconds), thus demonstrating that epitope stability is driven by specific motifs. Furthermore, we observed that identical mutations inserted at different positions within this peptide had variable effects on stability. For example, a tyrosine substitution at position 3 reduced the RK9 stability rate to 0.65 (half-life 40 seconds) ( Figure 4A ), while the same substitution at position 8 increased peptide stability rate to 36.5 (half-life, >120 minutes) ( Figure 4B ). These results demonstrate that both motifs and their location in the sequence contribute to peptide stability. Next we aimed to augment the half-lives of peptides through substitutions of destabilizing motifs into epitope sequences as illustrated in Figure 3 and Figure 4B for unstable B57-KF11. Such mutations were engineered for two naturally unstable epitopes, HLA-B57-KF11 and HLA-B27-KK10 (KRWIILGLNK, aa 131-140 in Gag p24), as well as that of a stable epitope (HLA-A03-RK9). We introduced 4 substitutions into KF11, KK10, or RK9 to generate 11 variant peptides (Figure 4B ). These changes in sequence resulted in 1.1-to 13.5-fold increases in peptide stability rate ( Figure 4B) . Additionally, the experimental stability rates of all 36 variant peptides and those predicted by the algorithm showed a very strong correlation (P = 0.0006; Figure 4C ), further validating the capacity of the algorithm to estimate peptide stability rates, since these variant peptides were not used to build the model. These results show that peptide intracellular half-life is defined by specific motifs at particular locations, can be altered through mutations, and can be predicted by this new sequence-based algorithm. This algorithm is available at http://research.microsoft.com/en-us/um/ redmond/projects/MSCompBio/StabilityPrediction/. Peptide resistance or sensitivity to cytosolic degradation are independent mechanisms. Thus far, our study assessed the stability of peptides independently of each other and using a defined ratio of peptide to cytosol. However, degradation rates may differ according to the peptide/cytosol ratio and the presence of stable or unstable peptides within the same cytosol. We examined the degradation of stable or unstable peptides in the presence of increasing amounts of PBMC cytosol as well as in the presence or absence of excess peptides (Supplemental Figure 5) .
A stable peptide was stable in the presence of 2.5-80 μg of PBMC cytosol, suggesting that stability of this peptide was likely due to a lack of susceptibility to cleavage, rather than merely a limited amount of cytosolic activity. An unstable peptide remained unstable unless the cytosol amount was decreased by 16-fold. As expected for short peptides (5, 6, 15), degradation was not mediated by the proteasome or TPPII; however, we observed a role for TOP and cysteine or serine proteases, whereby preincubation of extracts with specific inhibitors increased peptide half-lives by 5-to 100-fold (data not shown). We tested whether the lack of degradation of more stable peptides might be due to a direct inhibition of cellular peptidases. The stability rate of stable or unstable peptides was largely unaffected by the presence or absence of the other peptide (80%-110% of half-life without a second peptide) (Supplemental Figure 5 ). These results suggest that stable peptides do not prevent the degradation of unstable peptides, nor do they inhibit the activity of cytosolic peptidases. Thus, stability of certain peptides and degradation of others are independent properties.
Cytosolic stability of some HIV peptides is mediated by chaperone complexes. We investigated whether cellular chaperones such as Hsp90 (4, 16) may protect HIV peptides from degradation in primary cells. PBMC cytosolic extracts were immunodepleted of Hsp90, histone deacetylase 6 (HDAC6; a binding partner of Hsp90), or irrelevant GAPDH or mock-depleted with species-matched IgG (Supplemental Figure 6 ). Equal amounts of extracts were used to degrade various HIV epitopes. The half-life of some peptides, such as B42-TL10 (TPGPGVRYPL, aa 128-137 in Nef), was reduced following Hsp90 or HDAC6 depletion (from 19 to 5-6 minutes), whereas that of B40-SL9 (SEGATPQDL, aa 44-52 in Nef) was unchanged ( Figure  5A ). Changes in peptide stability were presented as the percentage of peptide stability rate determined using mock-depleted extracts ( Figure 5B ). Hsp90 depletion reduced the stability rate of B42-TL10 and A03/11-ATK9 to 39% and 51% of control, respectively. Hsp90 has many binding partners, including HDAC6, which is involved in the formation of aggresomes of ubiquitinated proteins (17, 18) . The depletion of HDAC6 in cytosol reduced the stability of B42-TL10 and A03/11-ATK9 to 44% and 55% of control conditions. Additionally, depletion of both Hsp90 and HDAC6 had additive effects on reducing B42-TL10 and A03/11-ATK9 stability rates to Peptides were divided into 3 areas: first 2 or 3 aa (begin 2 or 3), last 2 or 3 aa (end 2 or 3), and middle of the epitope. Each feature was given a weight according to its impact on peptide half-lives. The most significant instability motifs (less than -1) are listed.
26% and 38% of control conditions ( Figure 5B ). These results suggest that a complex involving Hsp90 and HDAC6 contributed to protection of these peptides from degradation. In order to determine which partner is involved in peptide protection, we incubated PBMC extracts with inhibitors of Hsp90 (17AAG blocks ATP binding to Hsp90 and its chaperone function), HDAC6 (trichostatin A [TSA] interferes with HDAC6 acetylation function), cysteine protease (E64), or DMSO prior to peptide degradation ( Figure  5C ). These inhibitors did not affect the half-life of peptide B40-SL9 (not altered by Hsp90/HDAC6 depletion). In contrast, the stability rate of B42-TL10, a peptide protected from degradation by Hsp90/HDAC6, was decreased in the presence of Hsp90 inhibitor (60% of that of control conditions; half-life, 5 minutes) and strongly decreased in the presence of HDAC6 inhibitor (14%; halflife, 1.8 minute) or a combination of Hsp90 and HDAC6 inhibitors (9%). These results suggest that protection from cytosolic degradation of some HIV peptides may occur through direct interaction with HDAC6 or through an HDAC6 partner requiring intact HDAC6 function, but not through direct binding to Hsp90 (or through ATP-independent function of Hsp90). Other peptides, such as B4001-SL9 and B35-PIY9 (NPPIPVGEIY, aa 122-130 in p24), displayed equivalent half-lives in the presence or absence of these chaperones (76% to 94% stability rate of control conditions) or inhibitors. Their relative stability may be a direct result of the lack of suitable cleavage sites for cytosolic peptidases or indicate the involvement of other cellular partners. Naturally occurring HLA-restricted mutations reducing the intracellular stability of HIV epitopes lead to immune escape. CD8 + T cell responses exert a strong selective pressure on HIV, and numerous HLA-associated intraepitopic mutations have been identified in large cohorts of HIV-infected persons (19) (20) (21) . We examined whether HLArestricted mutations within epitopes may affect the intracellular stability of peptides and thus limit the amount of peptide available for loading onto HLA molecules and recognition by CTLs.
We selected two epitopes known to mutate early in HIV infection, B08-FL8 (FLKEKGGL, aa 90-97 in Nef) and B57-TW10 (TSTLQEQIGW, aa 108-117 in Gag p24) (22, 23) , and for which the variant peptide was predicted by the algorithm to display reduced stability ( Figure  6A ). We first compared the half-life of B08-FL8 epitope and the two most frequent B08-associated mutations observed in acute/early subtype B infection (B08-FL8 K5N and K5M, where residue 5 has been mutated into N and M, respectively) (21, 23) . Mutation 5N in B8-FL8 slightly reduced the peptide half-life, by 18% (1.8 vs 2.2 minutes for the WT), whereas mutation 5M markedly reduced the peptide half-life, by 91%, to 12 seconds. A similar analysis was done for B57-TW10 in Gag p24 and its variants. The first TW10 mutation to appear in acute infection, T3N, reduces binding to HLA-B57, while the double mutation T3N-G9A or T3N-G9D is associated with decreased viral fitness (22, 24) . We observed that WT HLA-B57-TW10 and the T3N peptide were stable (31 and 33 minutes, respectively), whereas the half-life of the double mutant T3N-G9A was decreased by 92% to 45 seconds (corresponding to a difference in stability rate of 80%, 2.2 to 0.4521). Single mutants B57-TW10 G9D and B57-TW10 G9A also displayed decreased half-lives (1.4 and 1.7 minutes, respectively), suggesting that residues 3 and 9 both contributed to TW10 peptide stability, and/ or that each mutation creates intraepitopic cleavage sites. In order to test directly whether mutations reducing peptide intracellular stability affected the amount of epitope displayed at the cell surface and CTL recognition, we infected HLA-B57 + cells at equal MOI with VSV-G-pseudotyped HIV-1 NL4-3-derived strains containing WT TW10 or TW10 G9D. Infected cells were used as targets in a killing assay with CTL clones specific for either B57-TW10 or B57-KF11, a neighboring epitope in p24 ( Figure 6B ). Cells infected by WT or G9D virus were equally recognized and killed by B57-KF11 CTLs (30.9% vs. 35.9% lysis, respectively), indicating equivalent infection rates and expression and degradation of p24 from the two viruses. In contrast, B57-TW10-specific CTLs were 8.75-fold less efficient at killing cells infected with NL4-3 G9D compared with WT (5.5% vs. 48.1% lysis, respectively). Since B57-TW10-specific CTLs equally recognized HLA-B57 + cells exogenously pulsed with increasing amounts of either WT TW10 or TW10 G9D epitope ( Figure 6C ), these results suggest that the two peptides have similar binding to HLA and elicit comparable responses by the CTLs used, but that TW10 G9D epitope is less efficiently processed and presented than WT TW10. By comparing percent specific lysis of infected cells with that of cells pulsed with increasing amounts of TW10 or TW10 G9D, we calculated that the G9D mutation reduced by 6.4-fold the amount of antigenic peptide displayed at the cell surface for recognition by B57-TW10 specific CTLs. Additionally, the in vitro degradation of p24 peptides containing either TW10 or TW10 G9D showed efficient production of TW10 but not of TW10 G9D, in accordance with the quick degradation of TW10 G9D in cytosolic extracts (data not shown). We monitored TW10, TW10 G9D, and KF11 epitope presentation to CTLs at 1-4 days after infection (Supplemental Figure 7) . CTL activation was measured as the percentage of cells expressing CD8 and the degranulation marker CD107a (Supplemental Figure 7A) . In the presence of cells infected with WT virus, CTL degranulation peaked at day 2 after infection for both KF11-and TW10-specific CTLs (16% and 28.9% CD8 + CD107a + for
Figure 3
Identification of stability and instability motifs in HIV sequences and artificial mutants. Examples of stability (solid boxes) and instability (dashed boxes) motifs in stable A03-RK9 and unstable B57-KF11 and artificial mutants of each epitope designed to test the algorithm (cytosolic half-lives in parenthesis). A stability score was calculated for each peptide as the sum of all stability and instability motif weights listed in Tables 1 and 2. KF11 and TW10, respectively) and decreased to baseline at day 4, in agreement with single-round infection kinetics ( Supplemental Figure 7B ). In the presence of cells infected with HIV G9D, the kinetics of KF11 activation was similar to that of WT. However, the amount of CD107a + TW10 CTLs remained very low between days 1 and 4 (maximum of 1.18% double-positive TW10 CTLs), suggesting that TW10 G9D was not efficiently presented for several days after infection. Together these data suggest that the G9D mutation in HLA-B57-restricted TW10 reduces the production of TW10 peptide due to higher intracellular degradation rates, which limits the amount of epitope available for recognition by CTLs and reduces killing of infected cells by TW10-specific CTLs.
We then asked to what extent HLA-restricted mutations inside epitopes affect cytosolic peptide stability. We measured the cytosolic stability rates of 12 WT peptides and their 25 corresponding HLA-restricted mutants, which were described in cohorts of acutely or chronically HIV-infected persons (Table  3) . Of 25 mutants, 9 (36% of tested mutants) mutants dramatically reduced peptide half-life by 67%-99.6% and 7 (28% of tested mutations) reduced peptide stability rates by 50%-55%, while 3 (12%) had less of an impact (18%-42% reduction). Four mutations (16%) had almost no effect on peptide stability. Two mutations increased peptide stability, but these mutations at the C-terminal residues prevent binding of the peptide to HLA-A03 and are therefore not presented (ref. 25 and data not shown). Altogether 64% of mutations strongly reduced intracellular peptide stability by more than 50%. A 95.5% reduction in peptide half-life abolished CTL killing (88.5% reduction) despite equivalent high avidity of the two peptides ( Figure 6 ). It is likely that mutations reducing peptide stability by 50%-99% (specifically for peptides with lower binding affinity to MHC-I than the strong binder TW10) may have a dramatic effect on CTL recognition, although this remains to be demonstrated. HLA-restricted intraepitopic mutations decreasing intracellular peptide stability constitute what is to our knowledge a novel mechanism of immune escape in HIV infection.
Discussion
Despite the identification of multiple peptidases involved in epitope processing, there is limited knowledge about either sequences in the protein substrate that will ultimately become antigenic or the efficiency of production and presentation of antigenic peptides to CD8 + T cells. Cytosolic proteins are degraded into long fragments further trimmed into short peptides. The competition between complete degradation of these peptides and loading onto MHC-I complexes likely plays a key role in defining the amount of peptides available for display at the cell surface. Because short peptides could interfere with cellular functions, it has been postulated that cytosolic short peptides are rapidly degraded (3, 4) . However, the impact of intracellular peptide stability on pathogen-derived epitope presentation and the adaptive immune response is not known.
Our study provides an extensive analysis of HIV-derived peptide half-lives in primary cells. By testing 166 HIV peptides, we identified 50 peptides that displayed much longer half-lives than those previously reported (3, 4) . A computational model that incorporated data from 166 HIV peptides identified multiple motifs located throughout a peptide sequence that enhance or inhibit degradation of peptides. Mutation of identified stability motifs rendered peptides more sensitive to degradation, and conversely, mutations of identified instability sequences toward stable motifs resulted in slower degradation. Completely artificial peptides made of mainly stable or unstable motifs displayed concordant long or short cytosolic half-lives, further validating the computational identifi-
Figure 4
Cytosolic peptide stability can be modulated through mutations of motifs. (A) Stability rates of 25 mutants (black bars) of A03-RK9 epitope (gray). One to 7 mutations (underlined) in the RK9 sequence reduced the number of stability motifs. Peptides described in Figure 3 are indicated with a gray dot. (B) Stability motifs were added in B57-KF11, B27-KK10, and A03-RK9, and stability rates of all mutants were experimentally measured. Data represent the mean of at least 3 independent experiments. (C) Correlation between the logarithmic values of stability rates of the 36 mutants determined experimentally (actual half-life) and the stability rates predicted by the algorithm trained with stability rates of consensus sequences of HIV-derived epitopes (predicted stability rates). P = 0.0006 (Spearman test).
cation of stability motifs (data not shown). Several peptides derived from ovalbumin, EBV, and influenza A displayed highly variable half-lives (from <30 seconds to >30 minutes; data not shown). This suggests that peptide stability is strongly affected by motifs and is variable across epitopes derived from multiple pathogens.
The wide range of short peptide half-lives and search for motifs defining stability were established using cytosolic extracts purified from human PBMCs. One limitation of this approach is that it may abolish the compartmentalization of proteases or other cytosolic proteins that might affect peptide stability. However, the variability of peptide half-lives and its subsequent impact on presentation to CTLs were confirmed in live cells using 3 different approaches (osmotic loading of peptides, transfection of vectors expressing HIV proteins, and HIV infection), providing strong support for this in vitro approach.
One mechanism that may contribute to peptide stability is a transient association with cellular chaperones. We show that a complex involving Hsp90 and HDAC6 protects some HIV peptides from degradation, although only functional HDAC6 -but not the ATPdependent function of Hsp90 -appears to be involved. The role of HDAC6 in protecting oligopeptides from complete degradation along with its contribution to the formation of aggregosomes of ubiquitinated proteins (17) defines HDAC6 as a player not only in protein degradation, but also in epitope presentation. Whether interaction between HDAC6 and peptide is direct remains to be investigated. Some HIV-derived peptides remained stable in the absence of Hsp90 or HDAC6, suggesting that additional mechanisms may alter the rate of peptide degradation. Since peptides can circulate between cytosol and nucleus (9), one cannot rule out protection of some peptides by other chaperones or histones. Protection may also be intrinsic to the peptide sequence. Multiple charges in peptides such as A03-RK9 (RLRPGGKKK) may prevent interaction with peptidases, or specific motifs may lead to aggregations of peptides in pools, as suggested for an influenza peptide in mouse cells (4) , although the isolation of such pools of stable peptides remains to be achieved. Particular peptide conformations such as proline-rich regions may not fit well into the catalytic sites of proteases and thereby spare these sequences from degradation. It is also possible that some oligopeptides may not contain cleavage motifs for cytosolic peptidases. Finally, the relative number, accessibility, and affinity of each type of motif for chaperones or peptidases are likely to define the cytosolic stability of peptides and the amount of peptide available for downstream steps of epitope processing and presentation.
The amount of MHC-I-epitope complexes required to prime or activate CTL responses is not known and likely varies depending on the binding affinity of the peptide for MHC-I and the
Figure 5
The cytosolic stability of some HIV peptides involves Hsp90-HDAC6 complexes. (A) B40-SL9 peptide (aa 44-52 in Nef) or B42-TL10 (aa 128-37) was degraded in cytosol either mock depleted or depleted of GAPDH, HDAC6, Hsp90, or HDAC6 plus Hsp90. The amount of peptide remaining was measured over 30 minutes. (B) PBMC extracts were preincubated in the presence of cysteine protease, Hsp90, or HDAC6 inhibitors (E64, 17AAG, or TSA, respectively) or in the absence of any inhibitor, prior to degradation of B40-SL9 or B42-TL10. The stability rate of each peptide in each condition was calculated as a percentage of that of the peptide in the absence of inhibitors. Data represent the mean ± SD of 3 independent experiments with extracts from 3 different donors. *P < 0.05, **P < 0.01. (C) Degradation in depleted extracts was performed for B40-SL9 (dark gray), B35-PIY9 (PPIPVGEIY, aa 122-130 in p24) (light gray), B42-TL10 (black), and A03/11-ATK9 (white), and peptide stability rates in each condition were calculated as the percent stability rate in mock-depleted extracts. *P < 0.05, **P < 0.01, ***P < 0.001, 2-way ANOVA with Bonferroni post-test.
TCR. Our results reveal a critical role for a motif-dependent cytosolic peptide stability or sensitivity to degradation in defining the amount of epitope displayed to CTLs.
If increased cytosolic stability allows the display of more peptide-HLA complexes, this early step of antigen processing may contribute to efficient activation of CD8 + T cells. Accordingly, endogenous processing and presentation of unstable B57-TW10 G9D led to an 8.8-fold reduction in CTL-mediated killing of infected cells, corresponding to a 6.4-fold reduction in TW10 G9D peptide presentation compared with that of WT TW10. Similarly, endogenous presentation of stable A03-RK9 and unstable A03/11 ATK9 or B57-KF11 after osmotic loading of the peptides into cells revealed that increased intracellular degradation of A03/11-ATK9 or B57-KF11 leads to reduced activation of the corresponding CTLs despite equivalent functional avidity of the two peptides for the respective clones. Additional evidence for the importance of cytosolic peptide stability for CTL recognition comes from the identification of 16 HLA-associated mutations that reduced intracellular peptide stability by more than 50%. For one mutant, for which intracellular half-life was reduced by 95%, CTL-mediated killing of infected cells was reduced by 88.5% despite equivalent functional avidity of the WT and mutated peptide, identifying what we believe to be a novel mechanism of viral escape impairing CTL recognition. Thus, viral evolution may drive immune escape through multiple mechanisms: mutations that reduce binding to HLA or to the TCR (19, 21) , mutations in flanking regions that prevent the complete processing of epitopes (26) , and mutations that increase cytosolic peptide degradation, as reported here.
Prior steps of protein degradation leading to the production of oligopeptides are critical to epitope display. We had previously shown that motifs flanking epitopes contribute to the efficiency of production of HIV epitopes (11) . HLA-A03-RK9 epitope is both produced rapidly (11) and highly stable compared with other HLA-A03-restricted epitopes such as A03/11-ATK9 in RT ( Figure  1A) . Together, early and efficient production of A03-RK9 and
Figure 6
Natural mutations occurring during HIV infection affect cytosolic peptide stability and CTL recognition. (A) B57-TW10 and HLA-B57-restricted mutants T3N (gray triangles), T3N-G9A, G9D, and G9A were degraded for 30 minutes in PBMC cytosol. The amount of peptide remaining and peptide half-lives are indicated. Similar experiments were performed with WT B08-FL8 and with B08-FL8 mutants 5N and 5M. For unstable peptides, the half-lives were determined during a 10-minute degradation. **P < 0.01, ***P < 0.001, NS or no symbol: not significant; comparison between peptide degradation by 2-way ANOVA with Bonferroni post-test between WT and each mutant peptide. (B) HLA-B57 cells were infected with NL4-3 (WT, black bars) or NL4-3 with G9D mutation in TW10 (gray bars) or no virus (Mock, white bars). Cells were used as targets in a killing assay with B57-KF11-or B57-TW10-specific CTLs. **P < 0.01, ***P < 0.001, 2-way ANOVA. (C) HLA-B57 + cells were pulsed with increasing amounts of B57-KF11, B57-TW10, or B57-TW10 G9D and used as target in a killing assay with B57-KF11-specific or B57-TW10-specific CTLs. In A-C, data represent the mean ± SD of 3 independent experiments. resistance to cytosolic degradation may result in rapid presentation of relatively high amounts of RK9 peptides and contribute to the immunodominance status of the corresponding CTL response in acute HIV infection (27) . Although there is no direct correlation between peptide stability and immunodominance hierarchy for the 166 peptides tested, it is worth noting that 3 of the 12 most stable epitopes (half-lives, >20 minutes) correspond to immunodominant CTL responses in acute HIV infection. Our results suggest that stable epitopes may be presented in larger amounts. It is unclear how much peptide is needed for optimal T cell activation for a given CTL response or whether too much peptide (or a longer display of peptides) may lead to overactivation of T cells.
Finally, the identification of a factor involved in epitope presentation, namely cytosolic stability of short peptides, is of the utmost interest for immunogen design. HIV-specific CTL responses have been observed to display unequal antiviral capacity (28) , and immunodominant responses are not always protective (29) . Future T cell-based immunogens should specifically produce epitopes that elicit particularly protective responses. In addition to altering peptide liberation, as we previously proposed (11) , modulation of cytosolic peptide stability offers a unique way to regulate epitope presentation to reduce activation of nonprotective CTL responses and favor the presentation of epitopes eliciting protective responses. 
Methods
Peptides and reagents. Highly purified peptides (>98% pure) were purchased from the Massachusetts General Hospital peptide core facility or from BioSynthesis. All chemicals were purchased from Sigma-Aldrich and antibodies from Santa Cruz Biotechnology Inc. Study participants and primary cells. Buffy coats from anonymous volunteers were purchased from Massachusetts General Hospital. The use of buffy coats was approved under protocol 2005P001218 by the Partners Human Research Committee, Boston, Massachusetts, USA.
In vitro epitope degradation and antigenicity assay. PBMC cytosol was purified and checked for cytosolic antigen processing activities and lack of lysosomal activities as shown in Supplemental Figure 1 and refs. 11, 30 . Eight nanomoles of peptides was degraded with 40 μg PBMC cytosol (11, 30) . Peptides present in the digestion mix were identified and quantified by RP-HPLC. In order to measure antigenicity of the degradation products, peptides present in the digestion mix were purified and diluted in RPMI without serum (R+), and pH was readjusted to 7.4. Cells were pulsed with 0.02 μg/ml digestion products without serum and used as targets in killing assays with epitope-specific CTL clones at a 4:1 ratio. Percent lysis of HLA-matched B cells pulsed with degradation products was compared with that of cells pulsed with undigested long peptides or optimal epitopes at concentrations ranging from 0 to 0.4 μg/ml (11, 30) .
Endogenous epitope stability assay. B cells were transfected with peptides by osmotic loading, a technique adapted from ref. 31 we previously used (11). 2 × 10 6 cells were incubated at 37°C for 10 minutes with 30-100 nM peptides in 500 μl hyperosmotic buffer followed by 3 minutes in 15 ml hypotonic buffer (60% R+ in water). Cells were resuspended in 500 μl R+ and used as targets in a 51 Cr release assay. The osmotic shock did not induce cell death or modify Cr uptake. When indicated, cells were preincubated with 500 μM AEBSF for 30 minutes before transfection and throughout the experiment. Upon addition of the CTLs, the concentrations of the drugs were reduced by half and did not affect CTL killing capacity (data not shown).
Endogenous HIV epitope processing and presentation to CTL. HIV-1 G9D is derived from NL4-3 and contains a G9D mutation in HLA-B57-restricted TW10 epitope (residue 248 in Gag) and was a gift from Mark A. Brockman, Simon Fraser University, Burnaby, British Columbia, Canada (24) . VSV-Gpseudotyped viral stocks were prepared by cotransfection of 293T cells with proviral DNA with a CMV-VSV-G plasmid and titrated as previously described (24) . HLA-B57 + CD4 + T or B cells were infected with either WT or mutated HIV-1 for 6 hours at an MOI of 0.1. Mock-or HIV-infected cells were used 24 hours later as targets in a 51 Cr release assay with epitope-specific CTL clones (4:1 ratio). Endogenous processing and presentation of epitopes were also assessed in transiently transfected cells as previously described (11) .
CTL degranulation assay. CTL activation was measured by the expression of the degranulation marker CD107a in CD8 + T cells after incubation with uninfected cells or cells infected with HIV WT or HIV G9D. CTLs and target cells were mixed at a 4:1 ratio. Cells were stimulated 2 hours with PMA (2.5 μg/ml) and ionomycin (0.5 μg/ml) as a positive control. After a 6-hour incubation with 5 μg/ml brefeldin A, 0.9 μg/ml of monensin (GolgiStop, BD), and CD107a-FITC antibody, cells were stained with CD8-PE antibody (pre-titrated volume; BD). Cells were fixed and acquired on a FACSCalibur. Data were analyzed using FlowJo software.
Cytosol immunodepletion. PBMC cytosol was precleared with speciesmatched serum and protein A/G slurry for 20 minutes at 4°C. Cytosol (100 μg) was incubated for 4 hours at 4°C with antibodies specific for each protein of interest. Buffer-washed protein A/G slurry was added for 30 minutes. Supernatant corresponds to immunodepleted cytosol. Immunodepletion efficiency was checked by Western blotting against the target protein and actin as loading control. Equal amounts of extracts were used for epitope degradation assays.
Statistics. Empirical data were analyzed using GraphPad Prism version 5, including nonparametric correlations by Spearman test with 2-tailed P values, comparisons between groups by 2-tailed Mann-Whitney U tests, 2-way ANOVA with Bonferroni post-test. P values less than 0.05 were considered statistically significant.
